Horizontal squeeze casting (HSC) is a potential method for casting aluminum alloy wheels. In this study, the process for HSC of an A356 wheel was modeled and simulated. After analysis of the velocity and temperature fields during the casting process, the designs of the die and thermal control were modified and the effects of the design modifications on two key characteristics of HSC were studied: slow filling and squeeze feeding. An increase in the gate size and the use of exhaust slots reduced the tendency for gas to become entrapped. Furthermore, the increase in the gate size and application of thermal control allowed squeeze feeding for the wheel hub to be achieved successfully. Finally, experiments were performed to verify the results of simulation.
Introduction
Aluminum alloy wheels are important strength-bearing parts in automobiles and motorcycles and are mainly produced using casting methods, including gravity die casting, low-pressure die casting, squeeze casting, and so on. Since squeeze casting combines the advantages of low levels of gas and shrinkage porosity, a fine microstructure, and good surface finish, it has been used to produce highquality wheels. 1, 2) The methods of squeeze casting commonly used at the present time are vertical squeeze casting (VSC), which uses vertical die clamping and a vertical shot system, and horizontal vertical squeeze casting (HVSC), which uses horizontal die clamping and a vertical shot system. For instance, Ube Industries has manufactured large high-quality wheels for luxury cars using VSC.
3) Furthermore, Li et al. used VSC to fabricate AlCuMn wheels and optimized the shot parameters through simulation. 4) The VSC and HVSC machines adopt a vertical shot system, where the melt fills in the upward direction and gas entrapment is avoided because of the stable flow. However, the vertical shot system is complex, and the machine cost is high. The horizontal squeeze casting (HSC) machine adopts a horizontal die clamping and shot system, which is simple and cost-effective. However, because of the tendency for gas to become entrapped in the horizontal shot process, the production and application of the HSC machine are extremely limited. Recently, considering the Garber theory that the melt would not entrap gas at a critical plunger speed in the horizontal sleeve, by slightly modifying the shot system of a highpressure die casting (HPDC) machine, L.K. Technology developed a HSC machine, which is inexpensive for traditional HPDC machine manufacturers to produce. 5) Furthermore, through die design and process parameter control, Youn et al. successfully developed a HSC technique for producing suspension parts. 6) However, to our knowledge, there have not been any wheels produced using HSC until now. Therefore, this study on the use of the HSC method to produce wheels can lead to new wheel manufacturing processes and extend the application of HSC machines.
In the HSC process for producing wheels, the goals of slow filling and squeeze feeding are the main design concerns. In general, slow filling can be achieved by using a large gate and low shot speed in the sleeve. To achieve squeeze feeding, a large gate is always required. In addition, embedding cooling and heating channels in the die is recommended. For instance, Tone et al. used VSC to fabricate cylindrical compact components and achieved directional solidification by controlling the channel temperature. 7) In the wheel model used in this work, there exist several hot spots, so a large gate and thermal control of the die need to be considered during the design process.
Furthermore, to reduce the number of experimental trials, computer-aided design is necessary. For instance, Yeh et al. optimized the gating and running system by simulating the flow and solidification behavior in the sand casting of a brake disc. 8) In this study, the HSC process for producing an A356 wheel was modeled and simulated. The velocity and temperature fields were analyzed, and the designs of the die and thermal control were modified accordingly. Then, the effects of the design modifications on the two key characteristics of squeeze casting, namely, slow filling and squeeze feeding, were investigated. Furthermore, experiments were performed to verify the results of simulation.
Simulation and Experimental Procedure

Simulation
In this study, the three-dimensional models were constructed using Siemens NX8.0. The flow and solidification behaviors in the HSC process for the wheel were simulated by the commercial software ProCAST. To meet machining requirements, porosity defects are strictly limited in the hub. Therefore, the gate and runner were placed on the hub for feeding. An initial design with a gate size of 20 mm was simulated first, and then, the designs of the die and thermal control were modified. The three-dimensional model of the modified design is shown in Fig. 1 (as detailed in the Results and Discussion section). In the simulation, the materials for the die and casting were H13 steel and A356 alloy, respectively, whose properties were extracted from the ProCAST software database. The major material properties of A356 are shown in Table 1 . A total of 15 cycles were required in order to reach a quasi-steady-state temperature in the die. The other major process parameters used in the simulation are shown in Table 2 .
Experimental procedure
The A356 wheels were cast using a L. K. DCC800S HSC machine. The experimental settings were the same as those used in the simulation, except for the pouring temperature of 700°C, squeeze pressure of 100 MPa and plunger speed for filling the cavity of 0.49 m·s ¹1 . The experiments were performed with and without thermal control for comparison. Under thermal control condition, the temperature of the heating coil was set at 400°C, and four cooling channels near the hub were opened. The castings taken after 15 shots were sectioned for visual inspection.
Results and Discussion
Initial design
Gas entrapment is the main source of gas porosity in the HSC process. In order to elucidate the gas entrapment tendency, melt surface turbulence, isolated gas regions and coalescence of flows are examined in the velocity field. All the results of simulation shown later are taken from the 15th cycle. Figure 2 shows the velocity field of the melt filling the cavity. In Fig. 2(a) , after filling the gate and runner, the melt fills the hub. The region with the maximum flow velocity is located near the gate, and the velocity exceeds 4 m·s ¹1 . The tendency for surface turbulence to occur can be qualitatively judged using the Weber number:
where μ is the melt density, L is the characteristic length, V is the flow velocity, and £ is the surface tension. Given μ of A356 at 630°C of 2420 kg·m
¹3
, L of 5 mm which is onefourth of the gate size, V of 5 m·s ¹1 and £ of 0.889 N·m ¹1 , 12) We is about 340. When We exceeds 100, gas entrapment caused by surface turbulence becomes a problem. 11) In Fig. 2(b) , after filling the hub, the melt fills the spoke. Because the cross-sectional area of the bottom of the runner is larger than that of the gate, the region highlighted by the ellipse is not yet filled when the spoke is completely filled. Thus, an isolated gas region forms and gas is entrapped. In Fig. 2(c) , the rim is filled last. Because of the coalescence of flows, a large volume of gas is entrapped.
Shrinkage porosity appears because of insufficient feeding for the areas solidified at later times. Thus, the temperature Solid fraction From Scheil equation Table 2 Major process parameters used in the simulation.
Melt temperature (°C) 670
Initial die temperature (°C) 20
Water temperature (°C) 20
Coil temperature (°C) 400
Heat transfer coefficient (HTC) between the casting and die (W·m ¹2 ·K) 2000 9) HTC between the water and die (W·m ¹2 ·K) 4000 10) HTC between the coil and die (W·m ¹2 ·K) 500 10) Plunger velocity (m·s
fields are examined to predict the shrinkage porosity. Figure 3 shows the temperature field of the casting during solidification. The temperature of 573°C in the figure scale is the temperature at which the solid fraction of A356 is 0.7 according to the ProCAST software database. A356 is a longfreezing-range AlSi alloy, and during solidification, ¡-Al dendrites keep growing and a mushy zone forms. When the dendrite content reaches the maximum packing fraction, the shear strength of the mushy zone increases sharply, and interdendritic feeding dominates. For HSC, because of the high heat transfer coefficient between the casting and the die, small globular grains tend to form instead of large dendrites. In this situation, the maximum packing fraction can be assumed to be 0.7. 13) For interdendritic feeding, the feeding mechanism can be expressed by the Poiseuille equation:
where dp/dx is the pressure gradient, v is the flow velocity, © is the viscosity, and R is the radius of the channel. From eq. (2), for HSC, although the pressure intensifies the feeding, the feeding ability still decreases dramatically when R is reduced. Thus, if directional solidification has not been achieved, the effect of squeeze feeding will also be lost. Figure 3(a) shows the temperature field when the spoke temperature is below 573°C. The temperature of the junction area between the spoke and rim, highlighted by the circle, is above 573°C, and shrinkage porosity appears in this area because of insufficient feeding. In Fig. 3(b) , when the gate temperature is below 573°C, the runner and hub are at a higher temperature. These areas are not sufficiently fed by the gate, and shrinkage porosity tends to appear.
Modified design
From the results of simulation obtained using the initial design, it was found that the gate size influences the tendency for gas to be entrapped and the squeeze feeding behavior. Thus, the gate size was increased to 30 mm. Meanwhile, to feed the hub, a thermal control element consisting of an electric heating coil and water cooling channels was applied. The heating coil was placed around the runner, one cooling channel (A) was added inside the stream distribution cone, and three other cooling channels (B) were placed around the hub. The diameter of the cooling channels is 10.5 mm, and there is a minimum distance of 10 mm to the surface of the die. In addition, to study the effect of the cooling channels on the solidification of the junction area between the spoke and rim, a water cooling channel (C) was embedded in each of the four side molds. Furthermore, exhaust slots were added behind each overflow. These designs are shown in Fig. 1 .
In the simulation, the heating coil was turned on and the cooling channels were opened. Figure 4 shows the velocity field of the melt filling the cavity. In Fig. 4(a) , the filling sequence is similar to that in Fig. 2(a) , and the maximum velocity near the gate is about 2 m·s ¹1 . Given L of 7.5 mm which is one-fourth of the gate size, V of 2 m·s ¹1 and the other parameters as in Section 3.1, We is about 82. This indicates that with the larger gate, the filling velocity is lower, which lowers the surface turbulence and thus the tendency for gas to be entrapped is reduced. In Fig. 4(b) , when the melt fills the spoke, the region in the runner highlighted by the circle is almost filled. Compared to Fig. 2(b), Fig. 4(b) shows almost no gas entrapment caused by the formation of an isolated gas region. In Fig. 4(c) , when the flows coalesce, most of the gas can exhaust through the overflows and exhaust slots, suggesting that the exhaust slots are effective. Figure 5 (a) shows the temperature field when the spoke temperature is below 573°C. As seen in Fig. 5(a) , shrinkage porosity appears in the junction area between the spoke and rim. This indicates that for a large junction, the hot spot is difficult to eliminate by using water cooling channels. Because gas tightness is the first requirement in this region, inner isolated porosity is allowed to exist; this kind of defect is commonly observed in other studies of wheel casting. 14) Figure 5(b) shows the temperature field when the gate temperature is below 573°C. It is observed that only the temperature of the runner is above 573°C. This indicates that the hub solidifies earlier than the gate. The time to reach the state in Fig. 5(b) is 44.3 s, which is 16.4 s longer than that in (a) (b) Fig. 3 Temperature field of the casting during solidification in the initial design at (a) 4.8 s and (b) 27.9 s. Fig. 3(b) . This indicates that the heating coil effectively slows the cooling of the gate and runner. Furthermore, Fig. 6 shows the temperature evolution at different positions for the 15th cycle. It is observed that the bottom of the hub solidifies first and the gate solidifies last, so the solidification sequence starts from the bottom of the hub, then proceeds to the middle of the hub, and finally to the gate. In conclusion, with the combination of the heating coil and cooling channels, the hub is successfully fed. Figure 7 shows cross sections of the castings obtained using the modified design without and with thermal control.
Experiments
In Fig. 7(a) , shrinkage porosity appears in the hub and runner, while in Fig. 7(b) , no shrinkage porosity is observed in the hub but porosity does appear in the runner. These experimental results show that with a large gate and thermal control, the hub is successfully fed. In Fig. 7(b) , inner isolated shrinkage porosity appears in the junction area between the spoke and rim, suggesting that there is no risk to gas tightness. In Figs. 7(a) and 7(b), a limited number of small gas porosities appear, indicating that a small amount of gas becomes entrapped. These experimental results are in agreement with the results of simulation.
Conclusions
The HSC process for fabrication of an A356 wheel was studied by performing simulations and experiments. The conclusions are as follows:
(1) The gate and runner were designed to be on the hub, which is beneficial for feeding the casting.
(2) When the gate is enlarged from 20 to 30 mm, the Weber number drops from 340 to 82 and there is less gas entrapment caused by surface turbulence. Moreover, the gas entrapment caused by the formation of an isolated gas area is almost eliminated. In addition, the exhaust slots behind the overflows are effective.
(3) When the gate is enlarged to 30 mm and a heating coil is placed around the runner and cooling channels are placed (a) (b) Fig. 7 Cross sections of the castings obtained using the modified design (a) without and (b) with thermal control.
near the hub, the hub is successfully fed, i.e., the squeeze feeding through the gate is achieved successfully. (4) The results of simulation are verified by the experimental results, suggesting that computer-aided design is effective and necessary.
